[1] In mountainous regions, snow accumulation on the ground is crucial for mountain hydrology and water resources. The present study investigates the link between the spatial variability in snowfall and in snow accumulation in the Swiss Alps. A mobile polarimetric X-band radar deployed in the area of Davos (Switzerland) . The spatial distribution of snow accumulation exhibits a strong interannual consistency that can be generalized over the winters in the area. This unique configuration makes the comparison of the variability in total snowfall amount estimated from radar and in snow accumulation possible over the diverse winter periods. As expected, the spatial variability, quantified by means of the variogram, is shown to be larger in snow accumulation than in snowfall. However, the variability of snowfall is also significant, especially over the mountain tops, leads to preferential deposition during snowfall and needs further investigation. The higher variability at the ground is mainly caused by snow transport. 
Introduction
[2] Snowfall and resulting snow accumulation in mountainous terrain are crucial for studying and predicting natural hazards like floods and avalanches, as well as for water resources, hydroelectric power, and tourism (e.g., ski resorts). At local scales, the spatial variability in both snowfall and snow accumulation is governed by the interaction among cloud microphysics, atmospheric dynamics, and topographic features [Roe, 2005; Pomeroy et al., 1997; Lehning et al., 2008; Z€ angl et al., 2008; . These processes make the distribution of snow accumulation a complex and dynamic process [Mott et al., 2011b] . The spatial variability of snow accumulation is important in order to estimate the timing of the snow melt [Luce et al., 1998; Gr€ unewald et al., 2010] and to forecast avalanche danger [Birkeland et al., 1995; Schweizer et al., 2003] . Lehning et al. [2008] have proposed the concept of preferential deposition, i.e., ''the spatially varying deposition of precipitation due to topography-induced flow field modification close to the surface'' as an important driver of accumulation distribution. This concept has been studied and evaluated using measured snow deposition fields, simulated precipitation, and wind fields Dadic et al., 2010] , but no direct measured precipitation fields were available for verification. Lehning et al. [2011] studied the effect of the roughness of the terrain in snow deposition using high-resolution snow accumulation measurements.
[3] Estimating snowfall rate with radars is difficult because snowflakes are easily transported by wind, and their density varies from event to event. Weather radars provide high resolution but indirect measurements of snowfall. The use of weather radar for snow studies has become more popular in the last decade, and the areas of research are diverse. A study of snowfall rate based on radar reflectivity was made by Matrosov [1992] using X-and Ka-band radars. Later, Matrosov [1998] generalized the technique and verified the findings with local snow accumulation measurements. However, the technique was sensitive to changes in snow density, which can cause an overestimation in the snowfall by a factor of four. Kneifel et al. [2011] also performed studies of snowfall by using two radars, one frequency modulated-continuous wave operating at 24.1 GHz and a 35.5 GHz cloud radar. They collected 6 months of collocated measurements and estimated snow accumulation. Measurement of snowfall using a polarimetric X-band radar was studied by Matrosov et al. [2009] . In their study, they relied on snowflake shape models and snowflake size distribution to calculate the snowfall precipitation rate. However, small changes in the snow density could again lead to significant estimation errors. Radar data can also be used to investigate the microphysical processes occurring during snow fall [Evans et al., 2005; Mitchell et al., 2006; Kennedy and Rutledge, 2011; Schneebeli et al., 2013] . Estimations of snowfall rate and/or snow accumulation are sensitive to information that is difficult to measure, such as snowflake density and snowflake distribution [e.g., Matrosov et al., 2009] .
[4] In order to understand the contribution of snow precipitation on snow distribution variability on the ground, the main objective of this paper is to compare and analyze the respective spatial variability in snowfall and snow accumulation over the same area. These comparisons and analyses are based on using snowfall observations collected by a Doppler dual-polarization X-band radar deployed in the eastern Swiss Alps and snow accumulation measurements from laser scans. This unique combination of high spatial resolution data allows the analysis of small-scale variability, which is important in regions with complex topography. In addition, the influence of the topographically induced flow pattern is investigated by considering subdomains over which the radar beam is at distinct altitude ranges.
[5] This paper is organized as follows. Section 2 presents a description of the different data sets for snow accumulation and radar measurements used in this study. Additionally, the description of the different domains is presented along with the analysis methods. The methodology of the analyses is presented in section 3. Results from the different domains and measurements are presented in section 4. Section 5 summarizes the findings and mentions future work.
Experimental Setup

Site Description
[6] Davos is a Swiss city located at 1560 m above sea level (asl) in the Eastern Swiss Alps and hosts the WSL Institute for Snow and Avalanche Research SLF. The Wannengrat experimental site near Davos provides useful data for snow-cover-and hydrology-related research Mott et al., 2010; Bellaire and Schweizer, 2011; Mott et al., 2011b] . The potential of the area for snowfall studies was reinforced with the installation of a mobile X-band dual-polarization weather radar (MXPol) in the vicinity of Davos (see Figure  1 ) between 2009 and 2011.
Snow Accumulation Measurements
[7] Snow accumulation measurements for this study were obtained using airborne laser scans (ALS, see Figure  2 ), located mainly in the Wannengrat area. The ALS measurements of snow accumulation were obtained at the time of peak accumulation, which also corresponds to the end of the accumulation, for the winter seasons of 2007 . Unfortunately, the two snow accumulation periods do not coincide with the MXPol measurements because the latter was installed at the end of September 2009.
[8] The studies in the area revealed that snow depth measurements at time of peak accumulation of these two consecutive winters have a strong interannual consistency of snow depths . This quantitative interannual consistency was generalized for all winter events in the area . Similarities in snow distribution, particularly in its spatial variability, can be assumed at the end of each winter season. This makes the comparison of the variability in snow accumulation and snowfall for different winter periods still meaningful.
Radar Measurements
[9] MXPol was deployed in the vicinity of Davos, Switzerland (see Figure 1 ) at the beginning of the winter season of 2009. MXPol specifications and parameters are presented in Table 1 . Since its installation, the radar recorded preprocessed data of magnitude and phase for the vertical and horizontal polarizations, which allowed the calculation of the different polarimetric radar variables. The first variable used in the present study is the radar reflectivity at horizontal polarization (Z H ), which is related to the amount and type of hydrometeors in the radar sampling volume. The radar reflectivity Z H can be expressed as a function of the particle size distribution N(D) (m À3 mm
À1
): 
where B H is the backscattering cross section at the horizontal polarization (cm 2 ) of a particle with an equivolume diameter D (mm). (cm) represents the radar wavelength and K w is the dielectric factor for liquid water. In the case of snow or ice particles, the radar reflectivity needs to be corrected by the factor jK i j 2 =jK w j 2 , where jK i j 2 represents the dielectric factor for ice.
[10] The second variable in the study is the mean Doppler radial velocity v r (m s À1 ), which is an indicative of the average scatterer's radial velocity. Finally, the third variable used in the study is the Doppler spectral width v (m s À1 ), which is related to shear or turbulence within the resolution volume [Doviak and Zrnić, ] and can be expressed as
[11] Equation (2) shows that the measured spectral width ( . Consequently, the spectral width due to turbulence ( 2 t ) is contaminated by all the other factors. In the subdomains of study, the antenna motion is the same. The effect of the shear in the spectral width is minimal over the time of analysis. Finally, because we do not expect significant changes in the snow particles, broadening due to fall speed and orientation can also be assumed as constant. As a result, the variations in the measured spectral width are assumed to be mainly due to turbulence. An example of Z H , v r , and v measurements is presented in Figure 3 .
[12] MXPol was removed from Davos in July 2011 for upgrades and maintenance, but its database contains the significant snow events of the winters of 2009/2010 and one of 2010/2011. In the winter of 2009/2010 the number of snow days registered by the radar corresponds to 49. Unfortunately, during the 2010/2011 winter the number of days with snow corresponds to 10, which is not representative of the whole winter season. Nevertheless, a significant event with predominant NW winds was registered in March 2011 and is included in this study. A summary of the considered periods is presented in Table 2 , along with the total snowfall measured at the Weissfluhjoch station located approximately at 1 km from the Wannengrat area.
[13] Snow accumulation measurements from the Wannengrat area are studied together with estimates of total snowfall water equivalent obtained from radar reflectivity (Z H ). Estimates of Doppler spectral width ( v ), also obtained from MXPol, are used to study the intensity of turbulence within the resolution volume.
Z-S Relations
[14] As explained in section 1, there is a significant uncertainty associated with radar estimation of snowfall rate. The most common Z H ¼ aS b relations in snow from X-band radar are listed in Table 3 and illustrated in Figure  4 . The different colors represent the different studies from which they were obtained. Some of the relations were based on snow particle size spectra information [e.g., Matrosov et al., 2009] and assumed densities, others on simulations at different frequencies [e.g. Matrosov, 1992] , and others on synchronous measurements of the snowfall reflectivity and their corresponding water equivalent [e.g., Fujiyoshi et al., 1990; Boucher and Wieler, 1985] .
[15] Because the radar was not 100% operational over the two winter seasons while it was deployed in the Davos area, it is more than likely that there are missing events (days or weeks) from the radar database. As a consequence, a comparison of total snowfall amount (expressed in millimeters of liquid water) and snow accumulation on the ground is unrealistic. The purpose of this study is to analyze the spatial distribution in snow accumulation and in total snowfall amount under the main assumption that the events that had more impact in snow accumulation are part of the radar's database.
[16] Different Z-S relations have been tested in this study and led to very similar results in terms of spatial distribution of snowfall obtained from the radar. The discrepancies observed were in the estimation of total amounts of snowfall at each method. In the end, the Z-S relation presented by Boucher and Wieler [1985] was selected because it is based on direct observations, and the curve lies close to the median of the all Z-S relation presented in Figure 4 .
Domains of Analysis 2.5.1. Wannengrat Area
[17] The leeward area of the Wannengrat (''lee-W,'' delineated in Figure 1 ) was selected due to local snow accumulation measurements and radar coverage. Snow deposition on the leeward area of the Wannengrat is directly affected by the NW winds , and it was already demonstrated by Mott et al. [2010] that small-scale precipitation patterns drive snow deposition here. Additionally, the laser scan measurements were located predominantly in this area (see Figure 2) , and the Wannengrat area is permanently equipped with seven weather stations. The elevations of the lee-W subdomain vary from 2300 to 2700 masl (see Figure  5a ). The subdomain is illustrated on a grid that corresponds to the Swiss coordinates, and the elevations are based on the Swiss digital elevation model (DEM) [Swisstopo, 2004] . The area of the subdomain corresponds to 1.5 km 2 .
[18] The radar sequence of the plane position indicator (PPI) had seven elevations which start at 0 (see Table 1 ). Nevertheless, the first three elevations (0 , 2 , and 5 ) were strongly contaminated by ground clutter (GC) returns, especially when the beam pointed close to the Wannengrat area. The PPI at 9 elevation is used in this study because it corresponded to the first elevation scan that did not contain strong clutter contamination, and it ranged from 300 to 600 m above the ground in the Wannengrat area. Due to its high elevation and in order to avoid overshooting precipitating systems, the analysis of the radar data is limited to a 10 km range. [19] In order to investigate the effects of the processes related to topographically induced wind on snowfall, another set of subdomains was selected. Two disjointed areas were chosen based on the difference in altitudes between the DEM and the radar beam elevation at 9
Peaks and Valley Domains
. The first subdomain (''peaks'') corresponds to a difference in elevations that ranges from 95 to 500 m and is mainly located close to the ridge. This area is expected to be strongly affected by the wind and turbulence caused by its proximity to the rugged terrain and the small-scale topographic features. The second subdomain (''valley'') corresponds to differences in elevations that ranges between 700 and 1200 m. This domain is located predominantly far from the ridges (over the Davos valley), and it is supposed to be much less affected by turbulence and/or drifts (airflows) generated by the terrain.
[20] Both subdomains are presented in Figure 6 : the peaks subdomain has an area of 4.9 km 2 (a), and the valley subdomain has an area of 7.6 km 2 (c; see also Figure 1 ). On the right-hand side of the plot, the radar beam elevation at 9
is presented for each of the new subdomains. The only subdomain that does not present clutter contamination at 0 is the valley subdomain. Its inclusion in the study corresponds to its proximity to the ground (ranges from 200 to 600 m, similar to the peaks subdomain at 9 ), and its location far for the ridges (similar to the valley subdomain at 9
).
Data Analysis
(Semi)variograms
[21] The analysis of the spatial variability of snow accumulation measured on the ground and of the total amount of snowfall estimated by the radar is based on spatial (semi)variograms. The variogram is a key tool used in geostatistics to quantify the spatial structure of a random function [Goovaerts, 1997; Chilès and Delfiner, 1999] . The variogram h ð Þ measures the dissimilarities of the random function z values separated by a vector h as
where E represents the expectation, and x is the position vector. When estimating the variogram from observations exhibiting symmetrical probability density functions, like in this study (not shown), the variogram is approximated by the ''Matheron'' estimator, which is an average function over the number of available pairs N h ð Þ aŝ
where S h is a subset of N h ð Þ points so that x i À x j ¼ h with a given tolerance.
[22] For better comparison between the variograms obtained from the total amount of snowfall estimated by the radar and the snow accumulation measured at the ground, normalized (or climatological) variograms are considered [Bastin et al., 1984] . The normalization of the variograms is obtained by dividing the estimator by the variance of the data under consideration, and the normalized variogram is dimensionless and has values ranging from zero to one. The variance of the data is estimated byv
where M is the number of points considered in the subdomain, and the overbar represents the arithmetic mean. When combining both expressions, the normalized variogram is expressed aŝ
[23] The sample variance calculated according to equation (6) can underestimate the true variance, which leads to normalized variograms slightly larger than one.
Radar Measurements
[24] Radar data at 0 and 9 of elevation were analyzed for the whole period over which the radar was deployed in Davos. Winter events with no melting layer visible in the radar data (i.e., pure snow events) were selected. The selection of the events was confirmed by ground instruments located in the Weissfluhjoch Versuchsfeld area [Stössel et al., 2010; Mott et al., 2011a] , which is located approximately 1 km away from the Wannengrat area. Additionally, no attenuation in the snowfall is considered because the maximum distance under analysis is 10 km from the radar location, and specific attenuation is limited in dry snow [e.g. Battan, 1973] .
[25] The noise level in the radar signal was estimated at each radial considering only the gates with lower power Figure 6 . The peaks and valley subdomains : (a) relative altitude between the radar beam at 9 and the DEM in the peaks subdomain in which the difference between both elevations is less than 500 m; (b) radar beam height above the peaks subdomain; (c) relative altitude between the radar beam and the DEM in the valley subdomain. Here the difference between both quantities is selected between 700 and 1200 m; and (d) radar beam altitude over the valley subdomain.
following an adaptation of the method of Hildebrand and Sekhon [1974] . The radar data were censored using a signal-to-noise ratio (SNR) of 5 dB. The selection of the SNR threshold guarantees that most of the low signal data are removed. Additionally, a simple hydrometeor classification scheme following the method described by Shuur et al. [2003] and Park et al. [2009] and adapted to X-band by Snyder et al. [2010] was implemented to remove any GC echoes and/or side lobes returns. Any remaining GC echoes, if any, were in addition manually removed before any further analysis.
[26] Radar data were obtained in polar coordinates with approximately 1.1 angular resolution and 75 m range resolution (see Table 1 ). However, the 3 dB beam width is 1. 45 . As a consequence, all the data were resampled with 1.5 angular resolution in order to avoid angular smoothing and oversampling.
[27] Snow accumulation measurements in the Wannengrat subdomain are provided in the Swiss Cartesian coordinates. Taking that into consideration and the fact that the average distance from the radar to the lee-W subdomain is approximately 4 km, the radar data were resampled to a 100 Â 100 m 2 grid in both north-south and east-west directions to avoid any additional smoothing of the data. The results of the resampling can be clearly observed in Figure  3 , where the missing points at large ranges are a consequence of nonsmoothing.
[28] The resampled instantaneous reflectivity data Z H (mm 6 m
À3
) obtained approximately every 5 min at 9 elevation can now be converted to snowfall rate S (mm h À1 ) using the Boucher and Wieler [1985] Z-S relation:
[29] The total snowfall amount estimates presented are obtained by adding the instantaneous snowfall estimates at each of the different domains over the periods of analysis.
[30] The mean Doppler radar velocity v r and the Doppler spectral width data v were censored following the same criteria of SNR threshold, and GC removal as Z H . For most of the events in the winter of 2009/2010, v r data are aliased due to configuration parameters : initially, single pulse pair (SPP) mode with unambiguous velocity of 6 m s
À1
, and later SPP mode with unambiguous velocity of 16 m s
. No meaningful analysis of v r and v is possible in this period. In the summer 2010, a new configuration using double pulse pair (DPP) mode was implemented with an unambiguous velocity of 32 m s À1 .
Snow Accumulation
[31] Snow accumulation data obtained from ALS for the winters of 2007/2008 and 2008/2009 were acquired with 1 m grid resolution. The data were resampled at different grid resolutions to study the effect on spatial variability when decreasing the grid resolution. Additionally, at the time of the peak in snow accumulation, the density of the snow cover can be reasonably assumed constant Egli et al., 2011] , which allows the comparison of snow accumulation with total snowfall amount (expressed in millimeter of equivalent liquid water). The resampled snow accumulation data are now used to compute the normalized variogram with a maximum lag of 700 m. Normalized variograms of snow accumulation in the lee-W subdomain at 10 and 100 m resolutions for both winters are presented in Figure 7 . Both variograms at 10 m present similar variability over the two winter seasons at all lags. The change in slope for both seasons is located at lags lower than 75 m. These results confirm the interannual consistency results of Schirmer et al. 
Results
Variability of Total Snowfall from Radar and Snow Accumulation
[33] The analysis of the variability is first focused on the lee-W subdomain. The total snowfall estimated from the radar reflectivity fields is presented in Figure 8a . The total snowfall amount ranges between 950 and 1100 mm. When these estimates are compared with the ones measured at the Weissfluhjoch station (Table 2) , there are large differences but the order of magnitude is correct. These differences are due to possible effects of wind and evaporation but mainly to the fact that a constant Z H -S relationship was used throughout the winter. This has however no significant impact on the global variability of snowfall (various Z H -S relationships have been tested) which is the focus of the present study.
[34] The comparison of the total snowfall amount with the radar beam height of the same subdomain (Figure 5b ) presents a dependency (see scatterplot in Figure 8b ) with a correlation of ¼ 0.6. The correlation between these two quantities can be attributed to overshooting by the radar as winter precipitation often has limited vertical extension. The observed drift was removed to avoid contamination in the estimation of the variograms, which leads to the detrended snowfall amount presented in Figure 8c . The detrended fields present negative values, which have no effect on the spatial variability. These fields were obtained for the winter season of 2009/2010 and the March 2011 event and were used to calculate their corresponding normalized variograms.
[35] The variogram of snow accumulation obtained from ALS measurements for the lee-W subdomain is presented in Figure 9 . As previously discussed in section 3.3, the difference in snow coverage from the winters of 2007/2008 and 2008/2009 causes the discrepancies between the ALS normalized variograms (h >400). The total snowfall accumulation normalized variograms for the different periods of study are also presented in Figure 9 . The first period corresponds to the whole winter season of 2009/2010 and is presented in red. The second period corresponds to the single event between 17 and 20 March 2011 (Mar. 2011) and is presented in black. This period was selected because it deposited a large amount of snow (49 mm of snowfall water equivalent measured at the Weissfluhjoch, see Table  2 ) and because a predominant NW wind was observed during the whole event. The excellent agreement between the normalized variograms for the two periods shows that the spatial variability in total snowfall is consistent over the two studied periods (over the considered domain, at least), despite the difference in the number of snow events and in the quantity of snow they deposit on the ground. This confirms the strong influence of the NW winds in the spatial distribution of total snowfall in the area.
[36] The discrepancies found between the snow accumulation variograms from ALS and the total snowfall variograms are a clear indication that the snowfall observed through the radar reflectivity field exhibits a smoother spatial variability than the spatial snow accumulation patterns. The difference in altitude between the terrain and the radar beam at 9 ranges between 300 and 600 m (see Figure 5 ). The dissimilarities in the spatial structure between total snowfall and snow accumulation is interpreted as a signature of the fact that the main processes governing snow accumulation take place close to or at the surface and (possibly) at different times.
[37] An important contribution of the present paper is to show that by considering spatially distributed snowfall, the small-scale variability of snow depth on the ground cannot be explained by the snowfall variability because additional wind-induced processes control snow distribution on the ground. This is a useful experimental complement to the results from Mott et al. [2011b] based on a combination of local wind and snow depth measurements, Advanced Regional Prediction System (ARPS), and Alpine3D models. 
Wind-Terrain Interaction
[38] A study of the influence of the wind-induced snow transport effect described in the previous section is conducted in this section through the analyses of spatial variability in the peaks and valley subdomains.
[39] For these two subdomains, variograms were calculated following the same procedure as before. Scatterplot between the radar beam height at 9 and total snowfall amount is presented in Figures 10c and 10d . Correlation observed at the peaks subdomain is low ( ¼ 0.32), while correlation in the valley subdomain is much higher ( ¼ 0.96). The high correlation observed in the valley indicated the overshooting of snow precipitation at high elevations above the ground. The detrended total snowfall amount fields are presented in Figures 10e and 10f .
[40] The detrended total snowfall amount fields are then used to calculate the variograms. Note that in this case, they are not the normalized variograms as in the case of the lee-W subdomain because they are computed from the same variable (total snowfall amount). Variograms for both subdomains and for both periods are presented in Figure 11 .
[41] The variograms in the peaks domain is consistently higher (with a steeper slope) than in the valley subdomain for both winter periods. This shows that the spatial variability in the total snowfall amount is higher in the peaks subdomain. We suggest that this larger variability can be attributed to processes occurring close to the surface and induced by the local-scale topography.
[42] To further verify the influence of the topography, variograms of total snowfall amount at 0 in the valley subdomain are superimposed for both periods (see Figure 11 (black)). At this elevation, the difference between the elevations of the beam and the terrain is less than 600 m, so it is similar to the peaks subdomain. The roughness of the ground is however different, much lower in the valley subdomain (at 0 ). The agreement at the valley subdomain at both elevations suggests that the rugged topography in the peaks subdomain has a strong influence on the spatial distribution of total snowfall amount than the altitude of the radar beam above the ground.
[43] To further analyze this behavior, the normalized histograms of the Doppler spectral width for both domains are analyzed for the March 2011 event (see Figure 12) . The exclusion of the season 2009/2010 corresponds to data contaminated with strong velocity aliasing. The histograms corresponding to the peaks subdomain (at 9 ) present larger mean values than the valley subdomain. However, when superimposing the histogram at 0 for the valley subdomain, the agreement with peaks from the 9 is remarkable. This suggests that the small-scale turbulence is stronger close to the surface where the winds are in direct contact with the terrain. Similar analysis for events in 2011 with lower wind speed (not shown) indicates that the spectral width is comparable at 0 and 9 in the valley domain.
[44] Finally, averaged normalized variograms of mean Doppler radial velocity are calculated for the March 2011 event, both subdomains, and both elevations. The use of the normalized variograms is to minimize the effects of the projection of the wind onto the radial to make possible the comparison between the peaks and the valley subdomains. The objective is to verify if the velocity field is more structured (in the systematic wind pattern) in the peaks domain, because of the small-scale topography, than in the valley subdomain, at comparable altitudes above the ground. The resulting variograms are presented in Figure 13 . The ratio between the small-scale variability (i.e., nugget) and the total variance is lower at 9 in the valley and in the peaks subdomains than 0 in the valley subdomain. This shows a more organized structure of mean velocity fields than in the valley subdomain at 0 . This corroborates the important role of the topography in the spatial distribution of total snowfall.
[45] These combined findings quantitatively confirm that small-scale turbulence is stronger close to the surface where winds are in direct contact with the rugged terrain, and this strengthens the hypothesis that topographically induced winds strongly influence snow accumulation distribution, in agreement with the concept of preferential deposition proposed by Lehning et al. [2008] .
Summary and Conclusions
[46] Various processes can influence the spatial distribution of snow depth on the ground. The main objective of the present study is to investigate the importance of the spatial variability of snowfall to explain the spatial variability of snow accumulation at the winter-season scale. These variabilities are quantified using variograms (normalized by the field sample variance) calculated over the Wannengrat area from which information on both quantities is available. Variograms of snow accumulation are obtained [47] As expected, the comparison of the normalized variograms of total snowfall amount and of snow accumulation shows that the variability is much smoother in snowfall (a few hundred meters above the ground) than in snow accumulation. The similarity in the (normalized) variograms of total snowfall amount for the winter of 2009/ 2010 and for the March 2011 event is also noteworthy. This can be explained by the fact that intense snowfall mainly occurs during events with predominant NW winds. Because the radar beam is between 300 and 600 m above the ground in the study area, this difference in spatial variability is due to small-scale processes occurring close to the surface. To investigate the influence of the topographically induced wind patterns on snow accumulation, the spatial variability of total snowfall amount is analyzed in two subdomains defined by the relative altitude of the radar beam with respect to the terrain. The peaks subdomain corresponds to altitudes between 95 and 500 m in the vicinity of the slope, and the valley subdomain corresponds to altitudes between 700 and 1200 m. The variograms in the peaks subdomain show a larger variability than in the valley subdomain. This is confirmed through the analysis of the distribution of the spectral width, related to turbulence, in both subdomains. The peaks subdomain exhibits higher values than the valley subdomain, which indicates stronger turbulence caused by the rougher terrain.
[48] The analyses presented in this paper show that snowfall variability (at a height of a few hundred meters above the ground) is not the driving factor of snow accumulation variability at small scales (below a few kilometers), as the latter is additionally affected by snow redistribution processes and (indirectly) shows that topographically induced wind patterns have a dominant influence on snow accumulation. Such wind patterns also have a strong effect on the snow variability as seen in the different areas (peaks and valley). These results obtained from observations complement and confirm previous studies based on simulations [e.g., Mott et al., 2010 Mott et al., , 2011b .
[49] The main limitation comes from the lack of radar measurements at lower elevation angles, which would allow the investigation of snowfall, as well as wind and turbulence closer to the ground level. This is a difficult issue because contamination of radar observations by GC will also increase close to the terrain. In addition, snow accumulation measurements from ALS were available over a rather limited area and for different winter seasons. Data for snow accumulation over larger areas and collected during the same winter seasons as radar data would also strengthen the analyses.
[50] In order to better understand the physics of the small-scale processes governing snowfall and snow accumulation variability in space and time, the combination of radar measurements and numerical weather model simulations will be conducted in future work. Finally, the present study focuses on the spatial variability over the winter season, so the behaviors of snowfall and snow accumulation are integrated over winter periods. Investigations at the event scale would be interesting, as various synoptic and local conditions can occur. 
